A graphene-based plasmonic metasurface which can independently control different polarized electromagnetic waves with reasonably small losses in terahertz regime is proposed and demonstrated in this paper. This metasurface is composed of graphene based elements. Owing to anisotropic plasmonic resonance of the graphene-based elements, the reflected phases and magnitudes of orthogonally polarized waves can be independently controlled by varying dimensions of the element. Four types of graphene-based plasmonic metasurfaces with different reflected phases distributions are synthesized and simulated, exhibiting diverse functions such as polarized beam splitting, beam deflection, and linear-to-circular polarization conversion. The simulation results demonstrate excellent performances as theoretical expectation. The proposed graphene-based plasmonic metasurface can be applied to realize extremely light-weight, ultra-compact, and high-performances electromagnetic structures for diverse terahertz applications.
on graphene-based metasurfaces are conceptually reported and demonstrated. Ref. 35 present efficient designs of graphene-based thin absorbers, which are capable of near-unity absorption of the incident electromagnetic waves in the terahertz regime. In ref. 36 , it shows that giant cross-polarization conversion of terahertz wave is possible at the plasmon resonance in the graphene nanoribbon array without applying external DC magnetic field. Ref. 37 proposed graphene-based plasmonic metasurfaces to steer infrared light in specific ways. Ref. 38 demonstrates tunable dual-band asymmetric transmission for circularly polarized waves with a graphene planar chiral metasurface. However, these graphene-based metasurfaces are lack of consideration on independent controlling over differently polarized electromagnetic waves.
In this paper, we propose graphene-based plasmonic metasurfaces, which can manipulate the transverse electric (TE) and transverse magnetic (TM) reflected waves independently with reasonably small losses in the terahertz regime. The unit cells of this graphene-based plasmonic metasurface are series of rectangular graphene based patches, which has anisotropic responses for each of orthogonal polarizations (TE and TM waves). The normally incident waves are totally reflected by the metal-grounded plane on the bottom of metasurface, but the reflection phases of both TE and TM waves are controlled independently by changing the dimensions of anisotropic unit cells of metasurface. Based on the proposed metasurfaces, four kinds of functional devices are designed for polarization beam splitting, beam deflection, and linear-to-circular polarization conversion with a deflection angle.
Results
Design and theory. Graphene can strongly interact with electromagnetic waves in terahertz regime through plasmonic resonance 39, 40 . But for practical applications, wave-graphene interactions have to be further improved. Therefore, we design a Fabry-Perot resonant unit element, which is composed of a rectangular graphene patch and a square grounded quartz glasses (SiO 2 ) substrate. When we periodically extent these elements along both of the x and y directions, as shown in Fig. 1(a) , a 2-D graphene-based plasmonic metasurface can be generated. Incident terahertz wave can excite the plasmonic resonance of graphene patches on the top layer, and can be totally reflected by the bottom metallic ground. When a plane terahertz wave illuminates on the metasurface, the reflected fields from each interface interfere with each other. The top layer graphene patch array acts as a partially reflecting mirror, and the bottom metallic ground acts as a fully reflecting mirror, respectively. The dimensions of the element shown in Fig. 1(b) are p = 15 μm, and w and l can be changed independently to manipulate the reflection phases of TM and TE polarized electromagnetic waves, respectively. The reason is that the electric field in TM The reflected magnitudes and phases of the unit element, which shows that the TM wave reflected phases are gradually decreased from 50° to −240° with magnitudes larger than −3.3 dB when w is increased from 2 μm to 15 μm. But the reflected magnitudes and phases will not be affected by changing w. component of incident wave only can excite the plasmonic resonance in the x direction, in contrast, for TE polarization, the electric field is parallel to the y direction, and no plasmonic resonance can be excited in the x direction. Thus, TM wave is only sensitive to the variation of w, in the x direction, and similarly, TE wave is only sensitive to the variation of l, in the y direction, respectively. The thickness of the quartz glasses (SiO 2 ) spacer and bottom metallic ground plane are d = 26 μm and t = 10 nm, respectively. The relative permittivity of the quartz glasses (SiO 2 ) substrate is ε = .
3 75 r , and the loss tangent is tan δ= . 0 0184 41 . Figure 1 (c) demonstrates the side view of the proposed unit cell.
Figure 1(d) shows the reflection magnitudes and phases at 1.2 THz for TM and TE incident waves with fixed l = 10 μm and varied w from 2 μm to 15 μm. It is demonstrated acceptable TM wave reflection magnitudes above −3.3 dB and reflection phases varied from 50° to −240°. Meanwhile, the TE wave reflection magnitudes and phases are kept in constant. If we change l from 2 μm to 15 μm, and keep w in constant, similarly, the TE wave reflection magnitudes are above −3.3 dB and reflection phases varied from 50° to −240°. Then the TM wave reflection properties will not be affected. Therefore, we conclude that the reflection properties of TM and TE polarized waves can be manipulated independently by varying lengths of w and l, respectively. It is worth noting that, in practice, a phase range over 270° is sufficient to provide good performance 42 . Here, we cannot achieve a full phase range of 360°, the reason is that the intrinsic losses of graphene patch limits the phase shift range, and the structure performs as a damped oscillator. But we obtain a maximum phase range of 290° which is enough for practical applications. Furthermore, we can achieve reflectivity larger than −3.3 dB, enabling the design of novel functional graphene-based metasurfaces to steer reflected electromagnetic waves with acceptable efficiency. It is worth noting here that the plasmonic response of metals becomes less pronounced as operating in terahertz bands because of the weaker interaction between waves and electrons.Therefore, the metallic reflected metasurfaces operating in terahertz band often have reflectivity less than 30% [43] [44] [45] , which obviously have lower efficiency than our proposed graphene metasurface.
As above mentioned, we can utilize specific surface reflection phase distributions to manipulate electromagnetic waves arbitrarily. According to generalized laws of reflection and refraction 4 , we can introduce an in-plane phase gradient ϕ d dx / at the interface of two media. Thus, the relationship between the incident angle and reflection angle is
where n i depicts the refractive index of the media at the incidence side, and θ i and θ r denote the incident and reflected angle, respectively. Specially, in the normal incidence situation and n i = 1, the reflection angle can be calculated as
Due to we can independently control TM and TE waves by changing only one dimensional parameters, we can easily extent the generalized laws of reflection into two dimensional cases, where the surface reflection phase distribution can be calculated as can be obtained by the graphene-based metasurface shown in Fig. 1 . Simultaneously, the reflection phases of the TM and TE waves are dictated by changing the parameters w and l, respectively. Therefore, we can independently manipulate the deflection angles of TM and TE waves according to Eq. (3).
Simulation results. According to the proposed graphene-based element, We design four functional metasurfaces, named type 1, type 2, type 3, and type 4, respectively. Here, type 1 and type 2 act as two kinds of polarization beam splitters (PBSs), type 3 operates as a beam deflector, and type 4 is a linear-to-circular polarization converter, respectively. It is worth mention here that the θ E x or θ E y is defined as the angle between the TM or TE reflected polarized wave and the +z axial, respectively. The range of θ is − ( 90 , 90 ) o o , negative angle means anticlockwise rotation from +z axial. Similar, the ϕ E x or ϕ E y is defined as the angle between the projection of the TM or TE reflected wave in the XOY plane and the +x axial, respectively, and the range of ϕ is (0 , 360 ) o o . In all these four simulation models, we apply a normal incident plane wave as excitation, which has a frequency at 1.2 THz. Figures 2 and 3 show the designing and simulation results of type 1 and type 2 metasurfaces. As demonstrated in the Fig. 2 , type 1 is designed to deflect the TM and TE waves to the directions of (φ = 0
, respectively. The metasurface is made up of × 30 30 different elements. The lengths of w and l of the elements in each row (along the +x direction) are gradually increased and decreased, respectively, but the corresponding dimensions in each column (along the +y direction) are unchanged (Detailed dimensions are list in Supplementary Information). The surface reflected phases distributions of one row along the x direction are shown in Fig. 2(b) . Figure 2(c) and (d) show the simulated electro-field distributions of reflected TM and TE waves. And Fig. 2(e) shows the normalized far-field patterns of TM and TE reflected waves.
It is clearly demonstrated that the TM and TE reflected waves are deflected to the expected directions of
. Then, the type2 metasurface aims to deflect the TM and TE reflected waves to the direction of (φ = 270
, respectively. We use both of x and y directions to construct metasurface, as shown in Fig. 3(a) . Along the +x direction, w is unchanged, and l is gradually increased; while w is gradually decreased, and l is unchanged along the +y direction (Detailed dimensions are list in Supplementary  Information) . The surface reflected phases distributions for both ϕ y ( )
and ϕ x ( ) E y along the +x and +y directions are exhibit in Fig. 3(b) . Figure 3(c) and (d) show the simulated electro-field distributions. And Fig. 3(e) and (f) show the normalized far-field patterns of TM and TE reflected waves. It is seen that the TM reflected waves are deflected to the (φ = 270
) direction, and the TE reflected waves are deflected to (φ = 0
Therefore, according to the simulation results, we conclude that the TM and TE reflected waves can be independently split and deflected, exhibiting good agreements with theoretical results.
Type 3 graphene metasurface is designed to deflect arbitrary reflected linear polarized electromagnetic waves to a specific direction. In principle, the TM and TE components of arbitrary linear polarized waves are reflected to the same direction with same phases. Here, the metasurface is made up of × 21 21 elements, and elements in each column are the same, as shown in Fig. 4(a) . l and w of each element are equal and gradually increased along the +x direction in each row (Detailed dimensions are list in Supplementary Information). The surface reflection phases distributions along the +x direction are shown in Fig. 4(b) . Figure 4 (c) and (d) present the simulated electric-field distributions. And Fig. 4(e) shows the normalized far-field patterns of TM and TE reflected waves. It can be seen in the figure that the reflected TM and TE waves are deflected to the same direction of (
) with same phases. Finally, type 4 is designed to perform as a linear-to-circular polarization converter, which can deflect both TM and TE reflected waves to the same direction with a phase difference of 90°. In this case, the metasurface only contains x direction variation elements(elements in each column are the same). It consists of × 21 21 different are equally decreased along the +x direction. (c) The electric-field distributions of TM reflected waves deflected to the direction of
The electric-field distributions of TE reflected waves deflected to the same direction of (φ = 0
. (e) Normalized far-field patterns of TM and TE reflected waves, in the XOZ plane.
SCIENtIfIC RepoRts | 7: 10558 | DOI:10.1038/s41598-017-10726-y elements, as shown in Fig. 5(a) . The dimensions w and l of each element are chosen to ensure a 90° reflected phase difference, and gradually increased along the x direction (Detailed dimensions are list in Supplementary Information). Figure 5(b) demonstrates the surface reflected phases distributions of ϕ x ( )
and ϕ x ( ) E y along the +x direction. Figure 5(c) and (d) show the simulated electric-field distributions. And Fig. 5(e) shows the normalized far-field patterns of TM and TE reflected waves. We can see from the figures that the TM and TE reflected waves are deflected to the same directions of (
, and the phase of TM waves is 90° ahead have a 90° reflected phase difference and gradually decreased along the +x direction. (c) The electric-field distributions of TM reflected waves deflected to the direction of (φ = 0
, whose reflected phase is 90° ahead. (e) Normalized far-field patterns of TM and TE reflected waves, in the XOZ plane.
to the TE waves. Therefore, through this proposed graphene metasurface, arbitrary linear-polarized incident waves with normal direction can be reflected to the direction of (
) with the circular polarization.
Discussion
We have introduced graphene based plasmonic metasurfaces to independently manipulate TM and TE reflected waves in the terahertz regime, overcoming the intrinsic lossy property of metallic metasurface. The graphene patches coupled with a grounded substrate substantially enhance the wave-graphene interaction, achieving almost 300° phase modulation and high reflectivity magnitude. Meanwhile, the reflection phases of both TM and TE waves can be controlled by changing the dimensions of the graphene patches. Finally, based on the general Snell's law, four types of graphene based metasurfaces with the capability of independently controlling of TM and TE waves have been designed and simulated. The simulation results exhibit excellent performances as theoretical expectations. Therefore, the proposed graphene based plasmonic metasurfaces have good capability to independently control the TM and TE reflected waves with reasonable losses in the terahertz regime.
Meanwhile, considering the practical fabrication, we can design the graphene reflective cell which is consist of 5 layers, such as graphene layer, alumina layer, Polysilicon layer, quartz glasses layer, and ground. The polysilicon can be performed as an electrode. The chemical potential related to the conductivity of graphene can be dynamically tuned by varying the DC voltage (VDC) between the graphene and the polysilicon. Detailed technology to fabricate these kinds of graphene metasurface can be found (in ref. 46) , supporting the feasibility of our design.
It is worth emphasizing that the general design procedure formulated herein facilitates further production of such devices for various applications. Considering the existence metasurfaces, the proposed graphene plasmonic metasurface can be applied to realize extremely light-weight, ultra-compact, and high-performances electromagnetic structures for diverse terahertz applications, extending the range of applications even further.
Methods
Graphene conductivity modelling. In the terahertz region, the complex surface conductivity σ of graphene is dictated by intraband transition. It can be approximated by the Drude model . Such an approach has been widely used in many numerical work. However, it imposes significant meshing load and simulation time. Here, we apply transition boundary condition in COMSOL Multiphysics software, which assigns the conductivity to a single interface of a film with finite thickness. As a result, we are able to greatly relieve the meshing difficulty, save memory, and shorten the simulation time.
Unit-cell modelling. The reflected magnitudes and phases of the proposed element were full-wave simulated using the Floquet's periodic condition in COMSOL Multiphysics software, taking into account the inter-element coupling. The unit-cell depicted in Fig. 1(b) and (c) was constructed in COMSOL Multiphysics 5.1 software with a top layer graphene patch, deposited on a square grounded quartz glasses (SiO 2 ) substrate. The quartz glasses(-SiO 2 ) substrate has a relative permittivity of ε = .
3 75 r , and a loss tangent of tan δ = . 0 0184. The parameter w and l are the width and length of the graphene patch in the x and y directions, respectively, and µ = p 15 m denotes unit-cell side-length which also means a periodicity to form the metasurface. And, = t nm 10 and µ = d 26 m are the thickness of the metallic ground and quartz glasses (SiO 2 ) substrate, respectively. In the simulation, Floquet ports were placed at = ± z d 3 and utilized to characterize the scattering of a normally incident plane wave off the periodic element (the bottom layer of the ground plane was defined as = z 0 plane) and the reflected magnitudes and phases are obtained by the parametric sweep module of COMSOL 5.1. In detail, the working frequency is set to 1.2 THz, w and l are set as parameters for optimization.
Graphene plasmonic metasurface simulation. The full-wave simulations of the proposed graphene plasmonic metasurface were performed in COMSOL Multiphysics 5.1 software. According to the specific surface phases distribution, we implement four types of metasurfaces by properly choosing the local element dimensions. To reduce the computation complexity, we apply perfectly matched layer (PML) boundary condition to the rest of the simulation space, ensuring proper numerical evaluation of the fields surrounding the metasurface.
